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Abstract
4-nitrophenol is one of the phenolic compounds found in industrial wastes that needs to be removed from treated wastewater.
Emulsion liquid membrane (ELM) has been introduced as a developing technology for advanced wastewater and water
treatment. This emerging technology of treatment can be intensified by strategically adding nanoparticles to organic membrane
phase (O). To facilitate the industrial implementation of ELM with nanoparticles, we used magnetic iron nanoparticles added
to the organic phase (O) in order to recover them by a magnet for reuse. This also assists in de-emulsification step. The results
show that with the use of 1% (W/W) of magnetic nanoparticles of 30-60 nm, the removal efficiency increased from 54.48%
without nanoparticles to 97.4% with nanoparticles in reaction time of 1.5 minutes, and both the stability and extraction activity
of ELM are enhanced. The outcomes of this work can be extended to other hydrocarbons and polar pollutants removal from
industrial wastewater and water.

Keywords: Emulsion liquid membrane, 4-Nitrophenol, ELM stability, magnetic Fe2O3 nanoparticles.

1. Introduction
Different industrial processes and manufacturing introduce toxic pollutants into the surface water and
groundwater. Most contaminants are not biodegradable; therefore, they are not removed from the environment,
but instead they increase in concentration. This is a serious environmental concern, especially because pollutants
are known to be carcinogenic. Phenol compounds such as 4-Nitrophenol and other derivatives are often found in
tap water and in many industrial process of dyes, pesticides and petrochemical industries. This substance has been
of such a concern that the United States Environmental Protection Agency (USEPA) recorded it as a dangerous
aqueous chemical, due to its ability to destroy the important tissues in human and animal body like kidney, central
nervous system, liver and blood cells [16]. Therefore the removal of 4-Nitrophenol from industrial effluents is a
serious practical issue.
The challenges of wastewater and water treatment has become more multifaceted, and a multiplicity of advance
treatment methods are introduced at different times in response to more complex treatment goals [9]. Most of the
treatment methods (i.e., coagulation-flocculation, chemical precipitation ion exchange, electro–oxidation,
flotation, and adsorption) have their own limitations for hydrocarbon removal and extraction [1]. Therefore in
general a huge of industrial pollutants control has been conducted and many unit processes have been developed
[12]. The removal and separation of 4-Nitrophenol and phenol compounds from wastewater were given noticeable
attention and hence many studies and recommended technology have been reported in literatures. Noman Li,
(1974) proposed a single process of extraction and stripping with emulsion liquid membrane (ELM) with high
capacity of separation and high selectivity at low cost since then many studied have been conducted to remove
pollutants including heavy metal [20,23]. This system can concentrate the contaminant up to 10-100 times than
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other methods [22]. ELMs are double emulsion systems which have the Water-Oil-Water (W-O-W) or Oil-WaterOil (O-W-O) structure [29].
Although the ELM is effective methods for removal, but it suffers from serious problem such as swelling and
breakage in emulsion system and the privation of emulsion stability which decrease the extraction efficiency [17].
The ELM must be able to withstand the mixing, but it must also be broken enough in order to remove the internal
phase. For this, suitable parameters must be chosen by investigating the different factors that affect the membrane
stability [2]. The stability and extraction efficiency of ELM can be determined by studying the relationship between
the properties of emulsion membrane and operating factors. Surfactant is usually used in organic phase to achieve
emulsion stability. Stability can be improved by using some materials such as nanoparticles, and inorganic anions
which form a salt with a low melting point and high hydrophobicity.
Also the stabilization of ELM by nanoparticles can enhance the strength between the droplets of emulsion and
prevent the droplets to collision or coalescence [14]. The Emulsion liquid membrane stabilized by magnetic Fe2O3
nanoparticles is an example on this system where the magnetic Fe2O3 nanoparticles can demulsify by attraction of
particles from droplets interface in presence of external magnetic field [11]. Effects of the nanoparticles on the
emulsion stability using Fe2O3 nanoparticles were studied by Mohammed et.al (2017) on the extraction of
hydrocarbon (benzoic acid) from industrial wastewater and the results show that the magnetic Fe2O3 nanoparticles
has a strong effect on the percentage of emulsion leakage (emulsion stability) giving removal percent for
hydrocarbon as 99.7% [27].
Hence, the main objective of this study is to investigate the use of magnetic Fe2O3 nanoparticles in ELM for
extraction and improvement of stability in removing 4-Nitrophenol from Industrial wastewater. In this case the 4Nitrophenol is transported from W2 phase through the O phase to the W1 phase which is reacted with the stripping
agent (NaOH) forming solid particles of sodium phenolate.
2- Materials and methods
2.1. Chemicals
The materials that used in this study were Kerosene (Boiling Point 175 – 325 oC) as the organic phase, Span80 (sorbitan monoolate) as the surfactant, sodium hydroxide (NaOH) as the stripping agent, hydrochloric acid
(HCl), and 4-Nitrophenol which obtained from Sigma Aldrich (St. Louis, MO 63103, USA). The magnetic Fe2O3
nanoparticles with a size range (30 – 60 nm) taken from Alfa Aesar (Ward Hill, MA 01835, USA).
2.2. Experimental procedure
ELM (W/O/W) extraction method with reaction is preparing by Forman emulsion of two immiscible liquid
phases (aqueous and organic W/O). The emulsion consists of aqueous droplets distributed in to the organic phase
(Fig.1). The NaOH solution (0.5 N) used as the aqueous internal receiving phase (W1) contains the stripping agent
(NaOH) which mixed with the organic membrane phase (O) (surfactant Span-80 and oil phase kerosene) to create
emulsion of tiny drops of W1 in O.
Many factors affect the removal process such as organic phase (O) to internal receiving phase (W1) ratio,
surfactant concentration, emulsification speed, treatment ratio (volume ratio of W1/O to W2), treatment agitation
speed, additive concentration magnetic nanoparticles, and pH of external feed phase.
Volume ratios of the NaOH solution to organic phase (W1/O) is this work used were 1/1, 1/3 and 1/5 (V/ V),
Span 80 surfactant concentrations used were 2%, 3% and 4% (W/V). Emulsion was achieved using ultra-highspeed (Turrax IKA-T25) homogenizer at emulsification speeds of 5000, 7000, and 8000 (rpm) for 10 minutes to
produce a milky white color liquid membrane.
Then this emulsion was dispersed with mixer as globules in the external feed wastewater phase (W2) (4Nitrophenol, 300 ppm) using ratios of 1/1, 1/2, 1/3, 1/5, and 1/8 (V/ V) with agitation of low speed of 250, 300 and
400 rpm for 15 min. IKA overhead stirrer (Model: RW20 digital). The tested pH values of the external feed (W2)
were of 1.5, 2.5, 3.5, 4.5, and 6.5 measured by pH meter (Okton Acron). When the 4-Nitrophenol is transported
from W2 to W1 through O, it reacts with the stripping agent (NaOH) forming solid precipitate of sodium phenolate.
Samples from the agitated solution were taken at different periods of time using micropipette, and then was
separating from the emulsion phase via nylon syringe filter 0.2 µm (Simsii Inc. USA). The 4-Nitrophenol is
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analyzed using 96 well UV–microplate at a wavelength bands range 200 to 500 nm. It was measured in terms of
wavelengths and intensities of the 400 band maxima, respectively [25]. The concentration of 4-Nitrophenol and
sodium phenolate was found from the absorbance–calibration curves.
Fe2O3 nanoparticles was applied to ELM at different concentrations to increase the stability where the
concentrations used were 0.05%, 0.1, and 0.15% (W/W).
The mixture placed in a separating funnel to separate the upper emulsion phase (W1/O) and lower aqueous feed
(W2) phase. Then the upper phase breaks using magnetic force (1T magnet). The accumulated Fe2O3 washed with
acetone and distilled water, and dried under vacuum at 50 ºC for 10 hours to be reused again.
2.3. Calculation of ELM Stability.
To measure the ELM stability dye was used as a breakage indicator which has no interaction with both organic
and aqueous molecules. The leakage% calculated by the following Equation:
𝐿𝑒𝑎𝑐𝑘𝑎𝑔𝑒 % =

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑒𝑥𝑡)
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑖𝑛,max)

𝑋100

(1)

Where: (ext) is the concentration of dye leaked from the internal receiving phase (W1) to the external feed phase
(W2), and the concentration (in, max t) is the max concentration of dye in the external feed phase, when all red
dye leaked from the internal receiving phase (W1) phase to external feed phase (W2).
2.4 Analytical Methods
The extraction remaining was calculated by the following equation.
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 % =

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛−𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑋100

(2)

3. Results and Discussion
3.1. The effect of the Volume Ratio of the Internal Receiving phase (W1) to Organic phase (O)
The volume ratio of the internal receiving phase (NaOH) (W1) to the organic phase (Kerosene and Span-80)
(O) plays a significant role in emulsion stability. A higher concentration of NaOH may seem desirable as it is
useful in trapping and converting the 4-Nitrophenol. However, too much increase will lead to emulsion instability
[7]. Therefore, three selected ratios were taken (1/1, 1/3, and 1/5) (V/V) to investigated the effect of the internal
receiving phase (W1) to organic phase (O) as proposed by Ng. Y.S. et al (2010) and shown in Fig.2.
The ratio 1/1 (V/V) has low extraction efficiency, due to the forming of large emulsion globule with thin wall
which increase the possibility of the leakage as indicated by Jilska and Geoff (2008) [8]. The volume ratio 1/3
(V/V) shows higher extraction efficiency of 4-Nitrophenol because the increase of the volume ratio led to increase
in thickness of the membrane phase (increase the membrane phase to encapsulate internal receiving phase), which
resulting in forming high stable emulsion droplets with low leakage and enhancing in mass transfer[ 7]. Then the
extraction efficiency decreased at volume ratio of 1/5 (V/V) due to the increase in the thickness of membrane wall
and built-up resistance around the W1 droplets which offered resistance of the membrane and show decline in 4Nitrophenol removal rate and emulsion stability. Hence, the best condition was at 1/3 (V/V) internal receiving
phase to organic phase ratio (W1/O) and this is in agreement with the results obtained by Norela and Norasikin
(2016) [21].
3.2. The Effect of the Surfactant Percent (%) in ELM
The concentration of the emulsifier is playing a very important role in performance of the emulsion because it
works as a protective barrier between the feed phase (W2) and the internal receiving phase (W1) which reduces
the emulsion leakage [6]. Due to different properties of the surfactant, increasing concentration can be both
desirable and, inversely, harmful to removal efficiency. Three different percent concentrations of span-80 were
studied (2%, 3%, and 4%) as shown in Fig.3. The best concentration was found to be 2%. A concentration percent
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3% does not create the increased in contact area as compared to 2%, and increasing the concentration to 4% will
lower surface tension of emulsion with formation of small globules.
More adding of emulsifier may lead to increase the swelling, emulsion instability, decrease in removal
efficiency and higher emulsion leakage due to thicker emulsion globules. Thus these yield higher mass transfer
resistance and decrease the extraction efficiency [18].
3.3. The Effect of the Emulsification Agitation Speed on the Extraction Efficiency
The efficiency of extraction increases with an increase in the emulsification agitation [19]. The agitation is
increased by using proper stirring speeds. To find the suitable emulsification, three speeds were examined (5000,
7000, and 8000) rpm. Emulsification speed of 8000 rpm gives best condition as showed in Fig.4. Emulsion stability
was increased as the homogenizer speed is increased from 5000 to 8000 rpm. This result is confirmed with
Djenouhat et al. (2008) study which stated that increasing the homogenizer speed leads to the generation of more
droplets (increase the droplet formation) and a more stable emulsion because of better mixing and a reduction of
interfacial tension between the aqueous and organic phase [5]. The droplets merge with each other due to rapid
mixing. Thus, the increased homogenizer speed causes a “mayonnaise-like” emulsion to form. This can be
explained by a forming mechanism where air-bubbles are incorporated into the emulsion phase and leads to a more
rigid system. Bjorkegren (2012) stated that the higher speed results in highly viscous emulsion that producing a
stable emulsion due to a reduction in emulsion leakage which is also in agreement with the results of this study
[3].
3.4. The Effect of the Treatment Volume Ratio (W1/O) to (W2)
The treatment volume ratio (W1/O) phase to external (W2) feed phase has an important effect on the ELM
efficiency. The rate of mass transfer is straight related to the specific mass transfer area. Regarding the treatment
ratios of 1/1, 1/2, 1/3, 1/5, and 1/8 (V/V) were used, the treatment ratio of 1/2 was found to be the best ratio for
the removal as shown in Fig.5, and which will provide an increase in overall surface area for mass transfer and
extraction capacity.
The other treatment ratios decrease the removal efficiency and that can be attributed to the increase in
membrane layer around the droplets. Therefore, the stability of emulsion increases when reducing the volume
fraction of internal phase as stated by M. Djenouhat et al. (2008). In addition, Ng. Y.S et al. (2010) reported that
mechanical resistance of the membrane also increased at higher organic fraction, thus preventing coalescence of
the dispersed droplet and indicating the size is within the range of the standard droplets size [5,19]. In general,
larger droplets increase the emulsion instability because the droplet easily coalesces.
3.5. The Effect of the Mixing intensity of the Wastewater (W2) and Emulsion (W1/O).
To examine the effect of the mixing intensity of the W2 with (W1/O) on the removal efficiency of the 4Nitrophenol, variable speeds were tested such as 250, 300, and 400 rpm.
The mixing speed was first ran at (250) rpm, and then increased to (300) rpm and eventually to (400) rpm in
the third experiment. The results (Fig.6) shows that (300) rpm is the most suitable, and hence it is used for the
remainder experiments as it displays the lowest amount of emulsion leakage. The decrease in the stirring speed
leads to a decrease in the mass transfer rate of 4-Nitrophenol due to an increase in the emulsion globules size. The
higher mixing speeds create a greater shear force on the droplets and greatly reduce the diameter of the emulsion
globules.
Increasing the mixing speed increases the contact area for mass transfer because of decrease in the globules size.
The increase in the speed may also lead to the emulsion breaking because of high intensity (Hamid and Mortaheb,
2008). However, the higher mixing speed makes globules rupture more likely causing leakage of the W1 phase
into the wastewater, W2 phase [27]. The results are significantly agreed with the fact that at best stirring speed
produces smaller globules and consequently, higher surface areas exposure resulting in a higher extraction rate as
noted by Lelin Zeng (2015) [14].
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3.6. The Effect of the pH of the External Feed Phase (W2) on the removal efficiency of 4-Nitrophenol.
The initial pH of the wastewater (W2) plays a significant role in the surface charges, states of functional groups
on the surface of adsorbent, and the pollutant species in solution [10]. A series of experiments were conducted
with a pH value range of (1.5–6.5), and the corresponding results are presented in Fig.7. From the results the
practical 4-Nitrophenol removal from wastewater was at pH 1.5 because 4-Nitrophenol tends to precipitate in
alkaline solutions as indicated by Zhaoyun (2016) [30]. Considerably at low wastewater pH (as 1.5 in this study),
the surface was surrounded by H+ resulting in the increase in the adsorption efficiency that might be accounted
for the lower competition of H+ with 4-Nitrophenol for the active sites and the adsorption process was due to the
interaction of the positively charged 4-Nitrophenol with the negatively charged surface [10].
3.7. The Effect of Magnetic Nanoparticles on the ELM Process performance
The 4-Nitrophenol that transported from the feed phase (W2) to NaOH phase (W1) reacts with the NaOH as
given in Eq.3, forming precipitate of sodium phenolate. The 4-Nitrophenol diffuses across the organic membrane
from the wastewater phase (W2) to encapsulate-receiving phase NaOH (W1).
The formed Sodium 4-Nitrophenolate insoluble in the membrane phase (O) and then it was trapped in W1 as
solid. The zero concentration of 4-Nitrophenol in internal receiving phase results in highly concentration gradient,
and high driving force through membrane phase and hence the removal process carry on until it is completed [4].
C6 H4NO2OH + NaOH → C6 H4NO2O Na + H2O

(3)

The magnetic Fe2O3 nanoparticles enhance the stability of the ELM method and the mass transfer of 4Nitrophenol from the W2 to W1 through O phase due to the ability of forming film by the particles at (O/W) [22].
The results from this study indicated that the ratio 0.1 % (W/W) of magnetic Fe2O3 nanoparticles to internal
receiving phase elevates the 4-Nitrophenol extraction to higher level as compared to the ratios (0.05 and 0.15) %
(W/W) concentration as presented in Fig.8. This result is in agreement with the results obtained by Mohammed et
al. (2017) which indicate that the increased in Fe2O3 magnetic nanoparticles concentration extraordinary will
dispersed in the external phase and some particles may aggregate on the (W1/O) interface [22], affecting the
emulsion stability and slow transfer process because the emulsion droplets tend to be non-spherical or non-uniform
shape as shows in Fig. 8. [23].
Extraction time is considered as the target to determine the ELM effectiveness which represents the period of
time till the concentration of 4-Nitrophenol becomes zero. The ratio 0.1 % (W/W) of Fe2O3, gives higher removal
efficiency percent for 4-Nitrophenol of 97.375 % in 15 min as in Fig.9. at above optimum operating conditions
which were 2% surfactant Span 80 and 0.05 N NaOH at 1/3 organic phase to receiving phase, 8000 rpm agitation
seed, 1/2 (V/V) treatment ratio at 300 rpm, and wastewater pH 1.5 .
4. Remarks
In this work the following have been demonstrated and noticed
- Best operation conditions obtained for the removal of 4-Nitrophenol were, volume ratio of internal receiving
phase to organic phase (W1/O) was 1/3 (V/V), Span-80 percentage was 2% of the weight of the ELM the
homogenizer speed was 8000 rpm, treatment ratio was 1/2 (V/V), mixing speed was 300 rpm, and pH of W2 was
1.5.
- The magnetic Fe2O3 nanoparticles enhances the stability of the ELM and extraction activity due to the ability of
forming protective film by the particles at (O/W) and increased the binding sites on the surface of the solute. The
results indicated that the ratio of 0.1 % (W/W) of magnetic Fe2O33 nanoparticles to internal receiving phase
elevates the 4-Nitrophenol extraction to higher level spicily of 97% in 1.5 min.
- The best ratio of combination obtained was 0.1% (W/W) Fe2O3, which give higher removal efficiency for 4Nitrophenol of 97.375 % in 1.5 min. This clarifies the ability to increase the emulsion stability and extraction.
With further increasing the concentration after emulsion droplets covering totally, nanoparticles will disperse in
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W2 phase and some of the particles probably cause aggregation in W1/O mediator, which reflect on the stability
of emulsion and leads to reducing the removal/ separation process.

Fig. 1. ELM process.

Fig. 2. Effect of volume ratio of W1/O in ELM process.

Fig 3. Effect of span 80 concentration in ELM process.

Electronic copy available at: https://ssrn.com/abstract=3601736

Fig 4. Effect of emulsification speed in ELM process.

Fig 5. Effect of volume treatment ratio (W1/O/W2) on ELM process.

Fig 6. Effect of mixing speed on ELM process.
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Fig 7. Effect of pH on ELM process.

Fig 8. Effect of Fe2O3 nanoparticles concentrations on ELM process.

Fig 9. ELM stability in terms of percentage leakage.
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